ABSTRACT: A wheat growth model that includes the direct responses of canopy photosynthesis and transpiration to elevated CO, and the response of crop growth to water stress has been developed and tested. Sensitivity analyses show that different cultivars have quite different responses to changes in ambient air temperature, ambient CO2 concentration and rainfall. Because crops reach maturity earlier under higher temperature, a n increase of 3 "C may not impose further water stress to growth of a wheat crop in Victoria, Australia. However shorter maturation time may lead to a net decrease in crop biomass accumulation and potential grain yield in some early maturing cultivars. It is suggested that selection of suitable cultivars is one of the key strategies for coping with climate change.
INTRODUCTION
Wheat yield in Australia has increased significantly on average over the last 50 yr as a result of technological improvement and genetic breeding (Elliot 1987) . but the average yield is still much lower than that of many developed nations. Wheat production in Australia is strongly limited by the amount of rainfall in the growing season. In a region where average annual rainfall is less than 250 mm, wheat farming is considered to be economically marginal (Nix 1975) .
Since the industrial revolution (mid-18th century), greenhouse gas concentrations have increased by an amount that is radiatively equivalent to about a 50 % increase in CO2, although CO2 itself has risen by 25 %, from 280 to 350 pm01 mol-' (Houghton et al. 1990) . If global emissions continue at 1980's rates, it is expected that the CO2 concentration will reach double preindustrial levels (i.e. 560 pm01 mol-') by 2060, and double present levels (i.e. 700 pm01 mol-l) by 2080. The associated global average surface warnling is estimated to be about 1.5 "C above the present value by the middle of next century and 3 "C before 2100.
It is unlikely that the warming will be spatially uniform; land surfaces will warm more rapidly than the oceans, and high latitudes will warm more than the tropics. The global climate model (CSIR04) developed by CSIRO Australia has indicated that the average temperature in Victoria ( Fig. 1 ) could increase by 1 to 3 "C by about 2030, and rainfall could increase by up to 20 % in summer and decrease by up to 10 % in winter (Pittock & Whetton 1990) .
In this study, we investigate whether a temperature increase will impose further water stress on wheat growth in Horsham, Victoria, and how different wheat cultivars respond to climate change using a processbased model of wheat growth. As temperature increase is caused by the enhanced greenhouse effect, and increased CO2 concentration in the atmosphere contributes 55 % of the predicted global warming (Houghton et al. 1990 ), we will study the responses of crop growth to temperature increase for different scenarios of CO2 concentration and rainfall.
Both CO2 and air temperature can affect crop growth directly and indirectly. In a water-limited environment, the total amount of water available to the crop is a n important determinant of grain yield. After anthesis, sufficient soil water supply is critical to achieving full yield potential. If soil water is depleted before anthesis, the crop will fail or only produce a low yield. Even though crop water-use efficiency will improve in the high CO2 environment, the total water demand by the crop may not decrease as a result of the rapid crop canopy growth before anthesis (Gifford 1988) . Increased temperature also increases potential evapotranspiration of the crop and may impose some additional water stress on the crop (Williams et al. 1988 ). On the other hand, increased temperature can accelerate crop development, and therefore reduce the total water used by the crop. The interactions between the increased CO2 and air temperature on crop water use, growth and yield are difficult to clarify experimentally. A wheat growth model is used here to analyse the sensitivity of crop growth to changes in air temperature, CO2 concentration and rainfall, and to help plant breeders identify cultivars suitable for the future climate.
DESCRIPTION OF THE MODEL
This model comprises 6 submodels. They are: (1) biomass production, (2) biomass allocation, (3) root extension, (4) soil evaporation and potential crop transpiration, (5) actual crop transpiration and (6) soil water balance. The model is developed from the wheat growth model of Handoko (1992) , but it differs in the following ways:
(1) this model includes the stomatal, boundary layer and aerodynamic conductances in the calculations of canopy photosynthesis and transpiration;
(2) when water is not limiting to crop growth, biomass production is limited by the absorption of solar radiation, and is calculated using a process-based model of canopy photosynthesis, whereas Handoko's model assumes that the daily biomass production is proportional to the radiation absorption (Monteith 1977 , Charles-Edwards et al. 1986 ). When water is limiting, the radiation-limited biomass production is reduced by the ratio of the actual and potential crop transpiration.
(3) the potential rate of crop transpiration is calculated using the Penman-Monteith equation, whereas Handoko's model calculates the potential rate of crop transpiration using a modified Penman equation (Meyer et al. 1987) .
Crop growth rate is calculated in 2 steps. Firstly, it is calculated assuming that radiation absorption only is the limiting factor. Secondly, the radiation-limited growth rate is reduced by a water deficit factor defined as the ratio of the actual and potential rates of crop transpiration (Hanks 1974) . Daily dry matter produced is partitioned into leaf, stem, spike and root in the biomass allocation submodel.
The model can be summarized by the following 3 key equations. Crop growth rate, dW/dt, is calculated as and
where W is crop biomass at time t; A, is the photosynthetic carbon production of the crop in the absence of water stress; a is growth efficiency defined as amount of dry matter produced per mole of carbon; and r is the maintenance respiration coefficient of crop biomass. Crop transpiration, T, is taken as the smaller value of the transpiration limited by soil water (T,) and the potential crop transpiration (7'). A,, T,, T' are calculated in Submodels 1, 4 and 5, respectively.
Daily growth rate of each biomass component (leaf, stem, root and spike) before anthesis is calculated in Submodel 2, and extension rate of roots is calculated in Submodel 3. Soil water balance is updated daily (Submodel 6). All the symbols are identified in Appendix I and a description of submodels is given in Appendix 11.
Photosynthetic carbon production is simulated using a biochemical model of leaf photosynthesis. It has been shown that the response of crop growth to elevated CO2 is quite consistent with the photosynthetic response (Gifford 1992) . Submodels 1 and 2 have been validated against data from field gas exchange measurements and experiments in a CO2-enriched glasshouse (Wang et al. 1991) . A process-based model should be able to predict the plant response to climate change better than an empirical model, as the former is based on our understanding of biological processes rather than empirical evidence which may become invalid in a new climate. So far, simulation of grain growth is still very empirical, therefore we decided to exclude grain growth from the model until a more mechanistic model of grain growth is developed. This is justified for a sensitivity study.
Development of the crop
Development of a crop is divided into phases separated by sowing, seedling emergence, start of stem extension, anthesis and physiological maturity. The rate of development depends on air temperature (T,) or daylength (D,), and is quantitatively evaluated using a variable, S,, for each development phase [ m = 1 (sowing to emergence), 2 (emergence to stem extension), 3 (emergence to anthesis) and 4 (anthesis to maturity)]. The overall development of the crop, S, is calculated from S,.
The variable S, , , is calculated for the development of a photoperiod-insensitive phase using S, = 0.25 min (4) and for the development of a photoperiod-sensitive phase using
where T, is the base temperature of phase m; D, is the base photoperiod for photoperiod-sensitive phase m; 6 , = 1 if T, is greater than T,, and = 0 otherwise; ?i2 = 1 if D, is greater than D,, and = 0 otherwise; U, is sum of degree days required for a photoperiod-insensitive phase; and V, is sum of degree hours required for a photoperiod-sensitive phase to complete its development. t is days after sowing and to represents the first day of the phase. For wheat cultivars used in this study, only development phase from emergence to anthesis ( m = 3) is photoperiod sensitive.
Parameter S is calculated a s For very late maturing cultivars, such as UQ189 in this study, the rate of crop development from seedling emergence to anthesis is non-linearly related to air temperature or photoperiod (Angus e t al. 1981) , we use the non-linear relationship derived from the field data to model the phasic development from seedling emergence to anthesis (Stapper & Fischer 1990 ). For some early or moderately late maturing cultivars, the response is approximately linear within the temperature range 10 to 23 "C (Keulen & Seligman 1987) , and may become significantly non-linear above 23 "C. However this non-linear part of the response is ignored in this simulation study for 2 reasons: (1) existing data are insufficient to enable us to derive a non-linear response function that is significantly better than the linear function, and (2) at Horsham, the vegetative phase of a wheat crop sown before August usually completes before November, when the daily mean air temperature usually is less than 20 "C. Excellent agreement between the predicted a n d observed crop phenology was obtained using a linear model of crop development for crops sown at different locations and sowing dates in Australia (Connor & Rimmington 1991) . Under the assumption of a uniform warming by u p to 3 "C, the vegetative growth of a wheat crop will complete before November if the crop is sown before August. The crop will experience very few days with daily mean air temperature above 23 "C before anthesis. Therefore the error resulting from the linear model of crop development is insignificant.
TEST OF THE MODEL
Details of the experiment from which data were used to test the model a r e explained elsewhere (Handoko 1992) . Briefly, the experiment was conducted at the University of Melbourne Mt Derrimut Field Station, located 20 km west of Melbourne, during 1988. The experimental site consisted of a set of 27 drainage lysimeters (each 6 X 3 m 2 and 1.2 m deep). A wheat crop (Cultivar Matong) was sown on 27 May 1988 with 4 treatments using a combination of twiceweekly, drip irrigation and a rainout shelter. The treatments were: (R) rainfed with low rainfall after anthesis, (D) pre-anthesis water stress using the rainout shelter from 99 to 131 d after sowing followed by irrigation during 133 to 147 d after sowing, (11) irrigation from 111 to 160 d after sowing in addition to the natural rainfall, and (12) post-anthesis irrigation from 133 to 160 d after sowing. Measurements consisted of crop biomass, canopy leaf area index, phenology, soil water balance, and weather variables for model inputs (Fig. 2) .
Soil water content of the rooting zone (1.2 m deep from the ground surface) was measured at least once every 2 wk using a neutron probe meter. Total amount of soil evaporation and crop transpiration was estimated from measurements once every fortnight for all the treatments with lysimeters and records of soil drainage. Plant samples were taken for measurements To test the model, values of all the parameters were of the biomass of leaves, stems (including spikes and chosen independently from the experimental data. ears) 8 times from seedling emergence to physiological Some parameters, such as the physical properties of maturity except for rainfed treatments (7 times) since the soil, were taken from measurements, and these the crop died prematurely. Number of mature grains have been indicated in Table 1 . The agreement bewere counted for all treatments at crop harvest.
tween the observed and the predicted values is good 2.1 X 10-' (2) m3 J -' at C, = 560 pm01 mol-' 1.7 X 10 "
(2) + (3) m 7 J -' at C, = 700 umol mol-'
1.3 X 10-5 Leary et al. (1985) ; (10) Fischer (1983) ; (11) d e Marco (1990) for all 4 treatments, but comparisons are only shown for 3 treatments in Fig. 2 . The model simulated the total amount of actual soil evaporation and crop transpiration very well. When irrigation was applied in Treatments I2 and D, the model predicted a slower increase in the total rate of soil evaporation and crop transpiration than observed. Disagreement between the model simulations and observations may result from (1) advection or (2) some errors in the measurements of E + T. It is known that advection can cause the latent energy to exceed the net radiation. Soon after irrigation, crop transpiration and soil evaporation could be strongly affected by advection not included in this model. After irrigation, the soil profile was estimated to be fully saturated. Percolation took place, and the rate of percolation changed with time. In the experiment, only the weekly totals of soil percolation were measured and daily percolation was assumed to be constant when the estimates of E + Twere derived from the lysimeter data. Therefore the percolation rate would be under-estimated soon after irrigation and E + T would therefore be over-estimated.
The model also over-estimated the above-ground biomass for the crop in Treatment 12. The difference between the observed and predicted values was largest near anthesis. It was observed that the crop in Treatment I2 suffered from severe water stress, and some plants nearly died, as indicated in Fig. 2D by the drastic reduction in canopy leaf area index a few days prior to anthesis. Irrigation was then applied to relieve some plants from severe water stress, but was a little too late. The observed above-ground biomass did not recover soon after irrigation. The model could not simulate the plant death from severe water stress very well, and the simulated response to irrigation may be much quicker than the actual response in the field. Separation between dead and live plant material in the field is difficult, which may also contribute some difference between the observed and predicted above-ground biomass around anthesis.
This model was not intended to simulate the actual rate of grain growth. However, 2 variables that are closely related to grain yield were simulated in this model. These are the total number of grains at anthesis and the potential rate of grain growth. If water supply is not a limiting factor to the crop from anthesis to physiological maturity, the actual rate of grain growth approaches ~t s potential rate (Fischer 1983) . When the crop experiences water stress during grainfilling, a significant amount of stem reserves will be remobilized for grain filling (Gallagher et al. 1976) . As a result of the dynamic relationship between sources (leaf photosynthate and stem reserve) and sinks (grains), grain growth is much less sensitive to soil water deficit than the growth of leaves and stems (Fischer 1979) . Usually final grain yield is proportional to the aboveground biomass at anthesis or the number of grains at anthesis (Fischer 1983) . As shown in Fig. 3 , the model satisfactorily predicted the above-ground biomass at anthesis and total number of grains.
A comparison of the simulated potential grain yield and the observed yield is presented in Table 2 . Because of the timely irrigation applied to the crop in Treatment 11, the ratio of the observed and the simulated potential grain yield is largest among the 4 treatments, and is close to the value obtained by Fischer (1979) . The difference between the actual and potential grain yield results from water stress after anthesis and limitation of carbon 
GROWTH SENSITIVITY TO INCREASED AIR TEMPERATURE FOR DIFFERENT SCENARIOS OF CO2 CONCENTRATION AND RAINFALL
The average wheat yield in Victoria from 1977 to 1988 was 1.73 tons ha-' (Cribb 1989) , which is similar to the average yield in the Horsham region. The average rainfall per annum is about 450 mm, monthly average maximum air temperature ranges from 13.4 (July) to 30.0 "C (January) and the monthly average minimum temperature vanes from 3.5 (July) to 13.7 "C (January) at Horsham (see Fig. 4 ). The surrounding area is one of the major wheat production areas in Victoria (Fig. 1) .
In this sensitivity study, 3 wheat cultivars were chosen: ( 
Measured number of grains (grains m-2)
has the same range of seasonal behaviour as the historical record but differs in some monthly means. Two simulations were made using the model with parasupply for grain growth. The simulations showed that crops in Treatment I2 suffered from water stress to some degree before irrigation which resulted in a decrease in grain yield as compared with the crops in Treatment 11. The model satisfactorily predicted the above-ground biomass at anthesis and total number of grains. The ratio of the observed grain yield to the simulated potential grain yield only varied between 0.5 to 0.8, depending on the degree of the post-anthesis water stress the crop experienced. 
concentration (C,) of 350 ~umol mol-l; Scenario 2: control climate with C, increased to 700 ,pm01 mol-'; Scenario 3: control climate with air temperature increased by 3 "C and C , to 700 pm01 mol-'l. We simulated the amount of above-ground biomass at anthesis (W,), the potential grain yield (W',), and the duration of crop growth, and the results are shown in Figs. 5 & 6. Fig. 5 shows that the optimum sowing yeardays for all 3 cultivars are between middle of A p r~l and early May. This is consistent with the current farming management practice at Horsham (Connor & Rimmington 1991) . Though the sowing year-day in practice also depends on occurrence of opening rains. If a crop was sown before April, the crop would reach anthesis between August and September, and likely suffer from frost damage. For this reason, the predicted high potential grain yield for Cultivar C sown on year-day 90 will be significantly reduced if frost risk is considered in the model. Therefore the optimum sowing date for Cultivar C would be between late May and early June. For crops sown after April, the frost risk usually is quite small.
As shown in Fig. 5 , an increase in C, to 700 pm01 mol-' (Scenario 2) would increase W, and Wg for all 3 cultivars. The predicted increase in % resulted from a n increase in number of grains that was proportional to the spike dry weight at anthesis (see Appendix 11). An increase in C, had little effect on the optimum sowing year-days for all 3 cultivars.
If air temperature increased by 3 "C (Scenario 3 ) , the optimum sowing year-day would be delayed by about 30 d for Cultivar A and about 50 d for Cultivar B, but little affected for Cultivar C. Doubling the present level of C, would not compensate the losses resulted from a 3 "C Scenario 3: C, = 700 pm01 rnol-l, AT, = 3 "C (-----) increase in air temperature in W, and W ; for Cultivars A and B if the crops were sown before yearday 180. However for Cultivar C, W, was predicted to increase by 15 to 25 % and W', by 20 to 50 % if air temperature increased by 3 "C and C, increased to 700 pm01 mol-'.
The responses to a doubling present level of C, and an increase In air temperature by 3 "C differed between cultivars, as shown in Flg. 5. For Cultivar C, the beneficial effect of doubling present level of C, (700 pm01 mol-l) would be large enough to counterbalance the detrimental effect of a temperature increase of 3 "C for a sowing day between 90 and 210 (Fig. SC) .
For Cultivar A, doubling the present level of C, would not be enough to cancel out the detrimental effects of an increase in air temperature of 3 "C, with the resultant reduction in both W , and W', (Fig. SA) . If the sowing day was earlier than year-day 180 for Cultivar B, doubling present level of C, wou.ld not counterbalance the detrimental effect of a 3 "C increase in air temperature. But if sowing date was later than year-day 180, doubling the present level of C, would lead to fractional increases in both W, and W', (Fig. 5B) .
Temperature increase would have 2 major direct effects on W, and W',.
(1) A warming of 3 "C could increase the crop growth rate. For wheat, the optimum temperature for maximising crop growth rate per day was about 20 "C. (2) The duration of crop deve1opmen.t would decrease with an increase in air temperature, and the total biomass production during the whole growth period would consequently be reduced. Therefore the optimum temperature for maximising W, and W', would vary between 10 and 20°C, depending on cultivars and other environmental variables. The temperature optimum of W, and W', could also be quite different, as shown in Fig. 5B . Fig. 6A shows that the duration of crop growth generally decreased with day of sowing. A temperature increase of 3 "C would result in a reduction of the duration of crop growth from sowing to physiological maturity by approximately 30 d for all 3 cultivars sown at different days of the year. Fig. 6B shows that the response of the duration of vegetative and reproductive phases to a temperature increase by 3 "C. As a result of 3 "C warming, the crop developed faster, completed the vegetative growth earlier and experienced similar air temperatures during the reproductive growth as the crop grown under present climate conditions for Cultivars B and C.
Therefore the durations of reproductive growth of Cultivars B and C were little affected by the warming. However for Cultivar A, a 3 "C warming would shorten the duration of vegetative growth from 101 to 65 d, and increase the duration of reproductive growth by 11 d. Therefore a 3 "C warming would result in the reproductive growth of Cultivar A in a cooler climate than the crop grown under present climate conditions. Cultivar A is an early-maturing cultivar, with canopy leaf area index never exceeding 2 during vegetative growth under the condition of 3 "C warming, therefore less solar radiation would be absorbed and less dry matter produced. This effect could multiply, and result in a massive reduction in the dry matter production at anthesis and grain numbers at anthesis, and consequently the potential grain yield, as shown in Fig. 5 . For crops grown under elevated CO2 conditions, it was just the opposite. The interaction between increased air temperature and ambient CO2 concentra-tion varies with the maturity type of the cultivar. For late-maturing cultivars, development rate of the crop was relatively less sensitive to temperature increase than the early-maturing cultivars, and therefore the beneficial effect of elevated CO2 would counterbalance the detrimental effect of the increased temperature. Because the relationship between crop development rate and air temperature from seedling emergence to anthesis may deviate from the linear relationship assumed in this study at a temperature above 20 'C, we may have over-estimated temperature response, but the general conclusion about comparative responses of the 3 cultivars should still hold.
The effect of an increase in ambient air CO2 concentration on total water use by the crop was quite small, as shown in Fig. 7 . An increase in ambient CO2 concentration would improve the crop water use efficiency (Gifford 1988) , and also increase the canopy leaf area index. Therefore the total amount of water use by the crops grown under Scenarios l and 2 was similar for Cultivars Egret and Matong and for Cultivar UQ189 until 20 d before anthesis; this is consistent with some experimental observations (Gifford 1988) . The differ- ences in water stress suffered by Cultivars Egret and Matong during their vegetative growth also were quite small because of the compensation between a larger leaf area index and higher efficiency of water use for crops grown under Scenario 2, in agreement with some glasshouse studies (Gifford 1988) . However this compensation was not so good for Cultivar UQ189 near anthesis. The crop grown under Scenario 2 suffered less water stress than the crop grown under Scenario 1.
Temperature increase could increase the potential canopy transpiration and also the root extension, therefore deeper soil water would be available for plant use. During the early stage of vegetative growth, the availability of soil water for plant use depended on the rooting depth and rooting density in the soil. Even though the canopy transpiration for the crop grown under Scenario 3 was larger, the water stress suffered by the crop was smaller than the crops grown under Scenario 1 or 2, because of greater extraction of soil water by the roots. Crops grown under Scenario 3 reached anthesis earlier, had a smaller canopy leaf area index, and therefore used less water before anthesis than the crops grown under Scenario 1 or 2, as shown in Fig. 7 . Simulation 2
The amount of above-ground biomass and potential grain yield were simulated by varying the daily amount of rainfall by a fraction of -0.2 to 0.2, increasing the daily maximum and minimum temperatures equally by up to 3 "C (Pittock & Whetton 1990) , and ambient CO2 concentration from 350 to 560 and to 700 pm01 mol-l. The sensitivities of the above-ground biomass at anthesis and the potential grain yield of the crop sown at yearday 135 (the optimum sowing day for all 3 cultivars at the control climate; see Fig. 5 An increase in CO2 concentration would be beneficial to crop growth of all cultivars, as shown in Figs. 8, 9 & 10. If there was no increase in air temperature when C, increased from 350 to 560 and to 700 pm01 mol-l, the relative increase of W, was more than 25 %, and the relative increase of W\ was even larger. varying from 25 to 50 % for the 3 cultivars. In the contour map, isoline 0 represents no change in above-ground biomass as compared with the above-ground biomass simulated for control climate in Horsham with ambient CO2 of 350 pm01 mol-'. -0.1 and 0.1 represent a 10 % decrease and a 10 % increase in the above-ground biomass, respectively. Above-ground biomass at anthesis and the potential grain yield at control climate condition are 652.9 and 595.5 a . , m-2, respectively
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Fractional change in rainfall
For Cultivar A (Fig. 8) , a temperature increase of 3 "C would result in a reduction of more than 50 % in W, and W',. The sensitivities of both W, and W' , to warming were independent of the fractional change in rainfall from -0.2 to 0.2 if temperature increased by more than l "C. An increase in C, from 350 to 560 and 700 pm01 mol-' would only partially counterbalance the detnmental effect of a temperature increase of 3 "C.
For Cultivar B, the responses of both W, and W' , to warming were not as great as for Cultivar A. At a C, of 350 pm01 mol-', if an increase in rainfall of >O.l was accompanied by an increase in temperature of < 0.5 "C, then small increases in W, and W', were predicted with increasing ralnfall. If the temperature increase was less than 1.5 "C and C, was increased to 560 or 700 ~m o l mol-', then increases in W, and W', of up to 50 % were also predicted, and these effects could be further enhanced by an increase in rainfall. If temperature increased by more than 2 "C, then decreases in W, and W' , were predicted, and these effects were independent of the change in rainfall. For Cultivar C, the responses of W, and W', were more complex than for Cultivars A and B. At C, of 350 pm01 mol-l, W, increased with a warming of up to 1.5 "C and then decreased while W $ increased with a warming of up to 2 "C followed by a decrease. These findings are consistent with the average temperature difference between Horsham and Toowoomba, Queensland, where Cultivar C was bred. The average difference of mean air temperature is about 2.5 "C throughout May to December, the period of vegetative and reproductive growth of Cultivar C. To investigate the lack of sensitivity of W, and Wb to fractional changes in rainfall from -0.2 to 0.2 under a warming of more than 2 "C, canopy leaf area growth of Cultivar C from seedling emergence to anthesis was simulated for the following 3 climate scenarios: (a) C, = 350 pm01 mol-', and AT, = 0; (b): C, = 700 pm01 mol-l, AT, = 1.5 "C; (c) C, = 700 pm01 mol-l, AT, = 3 'C. Two irrigation treatments were simulated for each climate scenario; one crop received no irrigation and the other was so well irrigated that supply of soil water never became limiting to crop growth. The results are shown in Fig. 11 .
Under Scenario (a), the canopy leaf area index of a rainfed crop reached the maximum and then declined much more rapidly than for an irrigated crop. This was
because the rainfed crop suffered from large soil water deficit that resulted in a more rapid leaf death than in the well-irrigated crop. Therefore, the dry matter production of a crop grown in Scenario (a) was very sensitive to the change in rainfall. Under Scenario (b), both the rainfed and irrigated crop reached a smaller maximum leaf area index, with anthesis 16 d earlier than the crops in Scenario (a), so the crops grown in Scenario (b) only suffered moderate water stress. Under Scenario (c), there was no difference in canopy leaf area growth between the rainfed and irrigated crop. A temperature increase of 3 "C caused the crop to reach anthesis about 30 d earlier, with a much smaller maximum leaf area index than crops grown in Scenario (a), resulting in much less water-use. Therefore supply of soil water was not
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Fractional change in rainfall limiting to crop growth, and a fractional change in rainfall by -0.2 to 0.2 did not affect the above-ground biomass at anthesis and the potential grain yield of the crop grown in Scenario (c). However the effect of elevated CO2 concentration on specific leaf area is not taken into account in this simulation. We may have over-estimated the effect of elevated CO2 on canopy leaf area.
DISCUSSION
Global warming will affect wheat crops in 3 ways: through an increase in atmospheric COz concentration, an increase in air temperature, and alternations to ramfall and evaporative demand. Global climate models predicted that by 2060, the average annual mean air temperature in Victoria will increase by up to 3 "C, and rainfall will increase by 20 % in summer and decrease by 10 % in winter as a result of global warming (Pittock & Whetton 1990 ). Temperature increase affects both crop growth and development as well as evaporative demand.
A crop model that accounts for the effects of CO2, air temperature and soil moisture was used to simulate present conditions and the global warming conditions predicted for the Horsham region (Fig 1) . The model incorporates the photosynthesis submodel of Farquhar & von Caemmerer (1982) , integrated over the crop canopy, which responds to CO2, incident solar radiation, and air temperature. Response to soil moisture is simulated with a submodel for crop transpiration and development is simulated with a submodel derived from O' Leary et al. (1985) . Weather and soil data for the Horsham region were used as inputs. Genetic specific coefficients for the development of 3 cultivars, (A) Egret, (B) Matong and (C) UQ189 (Table 3) were used in the simulations. This model does not account for nutrient limitations or the effects of weeds, pests or diseases.
Three scenarios were simulated for (1) present conditions (Fig. 4 ) , (2) no increase in air temperature and a CO2 concentration of 700 pm01 mol-' and (3) air temperature increased by 3 "C and a CO2 concentration of 700 pm01 mol-'. The model predictions of present conditions agreed well with field observations (Table 2, Figs. 2 & 3) indicating that it is sufficiently reliable to make predictions of the impact of global warming on wheat crop. Scenario (2) allows investigation of the effects of doubling present CO2 concentration. Scenario (3) combines the effects of doubling present CO2 concentration and the associated temperature increase as predicted by the global climate models for the year 2080. An increase in average annual air temperature by 3 " C , as in Scenario (3), is equivalent to moving the wheat crop from Horsham to Narrabri in northern New South Wales using the assun~ption of a -0.45 "C (degree latitude)-' (Charles- Edwards et al. 1986 ).
The simulations indicated that the effect of increased air temperature by 3 "C was greater than that of doubling present CO, level (Fig. 5 ) for Cultivars Egret and Matong, while doubling present CO2 level in Scenario 2 increased both above-ground biomass at anthesis and potential grain yield when temperature was increased as well (Scenario 3). Above-ground biomass at anthesis and potential grain yield fell below those for present conditions for crops sown up until early June. The simulations predicted that increased temperature would also delay the occurrence of maximum aboveground biomass at anthesis by approximately 30 and 50 d for Cultivars Egret and Matong, respectively (Fig. 5) . The lower above-ground biomass at anthesis and potential grain yield values under Scenario (3) than under Scenario (2) suggested that doubling present CO2 concentration and hence the increased canopy photosynthetic rate would not compensate for the detrimental effects of increased air temperature. On the other hand, above-ground biomass at anthesis and potential grain yield increased with increasing COz concentration and air temperature for Cultivar UQ189 which apparently would be better suited to the enhanced greenhouse conditions in the Horsham region than existing cultivars. The model predicted that increased temperature would alter the development pattern of each cultivar (Fig. 6B ) but would not significantly alter either canopy transpiration or crop moisture deficit, as expressed by the ratio of actual and potential transpiration (Fig. 7) . The vegetative growing period from sowing to anthesis was shortened by 30 to 35 d in each cultivar (Fig. 6B) . The grain-filling period was lengthened by 10 d in Cultivar Egret but remained similar for Cultivars Matong and UQ189.
CONCLUSIONS
The simulations in this study took into account the effects of COz, air temperature, incident solar radiation and soil moisture on crop growth, water-use and development. They indicated that while doubling present atmospheric CO2 concentration would lead to increases of between 28 and 43 % in above-ground biomass at anthesis and potential crop yield, a simultaneous increase in air temperature of just 3 "C would cause a reduction in above-ground biomass at anthesis and potential grain yield by up to 60 % for Cultivar Egret and 25 % for Cultivar Matong. This effect was mainly due to shortened vegetative growing periods, with no significant change in water deficit. In contrast the late-maturing cultivar UQ189, which is adapted to present conditions in southern Queensland, was predicted to have a higher above-ground biomass at anthesis and potential grain yield under the enhanced greenhouse conditions. Therefore selection of suitable cultivars will be one of the key strategies to cope with climate change.
The present study has only considered changes to the average climate at Horsham, which effectively integrates large year-to-year variability. In the future, we plan to examine the sensitivity of inter-annual variability of wheat yield to various climate change scenarios. This may reveal more useful information for farmers concerned with risk analysis. t,: end of h e a r grain filling phase In days after sowing (d) t,2: days from sowing to a n t h e m (d)
Appendix I. Symbols and their definitions
days from sowing to seedllng emergence ( ) ambient air temperature a t reference height ("C) base temperature of phase m ("C) degree days required for a photoperiod-insensitive phase to complete its development (degree day) degree hours required for a photoperiod-sensitive phase to complete its development (degree hour) crop biomass at time t (g n r 2 ) above-ground biomass of the crop at a n t h e s~s (g m-') potential grain yield (g m-') leaf dry weight ( g m-') spike dry weight at anthesis (g m-2) root dry weight (g m-') stem dry weight (g m-') number of grains per unit of spike dry w e~g h t at anthesis (grains g -l ) parameter to describe the change of stage 2 soil evaporation rate with time (m d-0.5) latent heat of vapourisation (J kg-') allocation coefficient of photosynthetic dry matter production to biomass component j allocation coefficient of dry matter production to the leaf when the crop does not suffer from water stress allocation coefficient of dry matter product~on to the root when the crop does not suffer from water stress psychrometric constant (Pa K-') density of dry air (kg m-3) spec~fic leaf area (m2 g-') spec~fic root length (m g.') Appendix 11. Description of growth submodels Submodel 1. Biomass production When water-supply 1s not limiting, dry matter production, dWIdt, is determined by photosynthetlc carbon production and respiratory loss of the crop. The rate of dry matter production is reduced by a water deficit factor if the actual rate of crop transpiration is less than the potential rate of the crop transpiration. That is:
where t is days after sowing; W is the total dry weight of crop biomass (g m-2) at day t; t, is days from sowing to seedIing emergence; a is the growth efficiency defined as the amount of dry biomass produced per m01 of carbon (Penning de Vries et al. 1974) . Growth efficiency varies with the chemical composition of a plant organ, but this is ignored in the model. An average value is used in the simulation. A, is the rate of canopy photosynthesis per unit ground area (mol m-' d-') when photosynthetic carbon production IS only limited by absorption of solar radiation; f, is the water deficit factor; and r is the maintenance respiration coefficient of crop biomass (d.') (McCree 1974).
Following Hanks (19741, the water deficit factor, f,,., is calculated as:
where T and T' are the actual and potential rates of crop transpiration, respectively.
Crop biomass is separated into leaf (W,) , stem (W,), splke (W,) and root (W,) before anthesis. The growth rate of each biomass component, W,, ( j = l, S, p and r for leaf, stem, spike and root, respectively) from seedling emergence to anthesis, is described by where q,, q,, q, and q, are coefficients of biomass allocation to the leaves, stems, spikes and roots, respectively; and t, is days from sowing to anthesis. Allocation coefficients vary during crop development (Fischer 19831, as Canopy leaf area index, L, is related to leaf mass as where U, is specific leaf area (m2 g-l).
It is known that the rates of leaf initiation and expansion are strongly affected by air temperature (Gallagher 1979) Crop development (S) Wang et al. (1991) .
Following Fischer (1983 Fischer ( , 1985 . the number of grains, ng (grains m-'), is assumed to be proportional to the spike biomass at anthesis, W ; (g m-'). That is Under elevated CO, conditions, dry matter production will increase, as the spike biomass anthesis, therefore more grains will be produced for achieving a higher potential grain yield than the crop grown under present conditions.
The actual rate of grain growth is not modelled. Only the potential rate of grain growth, V; , is modelled here as a function of air temperature (see Fig. 11 .2) (Vos 1981) .
where T', and T', are the allocation coefficients to the leaf ,-I and root when the plant does not suffer from water stress, > (II respectively (Fig 11.1) . Allocation coefficients for stem and The total length of roots in the soil. I,, is calculated as
where a, is the specific root length (m g-l).
The density of root length at a depth of h in the soil is d,(h). ing zone is given by: Flg. 11 2. Vanatlon of the potentlal rate of grain growth wlth alr temperature This curve is derived from the data of Vos (1981) d
k, is a n empirical parameter. grain filling in days, they are calculated according to the Hs IS the depth of soil, and v, is an empirical parameter. method outllned by Weir at al. (1984) Potential gram yield can only be achieved when supply of carbon for grain growth is not limiting and kernel abortion and water Submodel 4. Soil evaporation and potential crop stress do not occur after a n t h e m (Fischer 1979 Fig. 11.1 . the saturated vapour pressure at air temperature T,; R, is the net radiation above the canopy; U is mean wind Water stress can affect canopy growth, and results in an speed at the reference height (2 m above the ground surincrease ~n the root-to-shoot biomass ratio (Brouwer 1963, face) ; D, the water vapour pressure deficit at the refer. Bradford & Hslao 1982). Despite some recent Progress ence height; X 1s the latent heat of vapourlzation of (Schulze et al. 1983, Givnish 19861 , there still is little conand is the psyc~rometric constant, D, is the time sensus In describing quantitatively the response of the day and night in seconds (1 d = 86400 S ) , -rhe radiaroot-to-shoot ratio to water stress. After a n extensive litertion term, SR,, is usually much greater than the second ature review, Wilson (1988) concluded that the response of term (0.64(1 + 0 . 5 4~)~~) in E~. 11 12. The exponencarbon partitioning between root and shoot to water stress tial term outside the integral, exp(-k ,~) , is used to re. should be similar to that for nutrient deficiency, and this duce the net radiation and the speed above the response is usually described by the functional equilibcanopy to the respective values above the soil surface num model (Davison 1969 , Thornley 1972 .
Potential graln yield (W,') is then calculated as
To keep the model simple, the attenuations of wind speed and net radiation by the crop canopy are assumed Following the concept of the functional equilibrium, bioto be the same, This exponential function has been mass allocation coefficients, TI and Tr for plants suffering proved to be a reasonable approximation (Tanner & Jury from water stress are calculated as 1976).
= 3.1 f W
The actual rate of soil evaporation, E, is calculated using Tr = T .~ + T.1 (1 -f~) (II.8b) Ritchie's method (1972) . The process of soil evaporation can be separated into 2 stages. During Stage 1, E is calculated as than the potential rate of crop transpiration, then the actual rate of crop transpiration is equal to the total amount of extractable soil water of the soil (T,).
For soil layer I, the amount of extractable soil water by the plant roots, T,, is taken as the smaller value of the amount of available soil water (T'b,) and amount of water that can be taken up by the roots (T'ei). That is During Stage 2, the actual daily rate of soil evaporation, E, is calculated as where tl is days after the Stage 1 evaporation. Stage 1 soil evaporation is terminated once the water deficit of the top soil layer exceeds a critical value, C,. Both C, and P are specific to soil type.
7, = min{T'b,. T'ei)
bi is calculated as
The potential rate of crop transpiration, T: is calculated using the Penman-Monteith equation assuming soil water supply is not lim~ting to crop transpiration.
T' = dt' (11.15) W,,, is the soil water content of soil layer i, and w, ~,,~ and W,,,,, are the wilting point and field capacity of soil layer i, respectively. The time step for the integration is 1 h. p is the density of the dry alr and C, is specific heat of the air. s, gh, g, are calculated from the hourly means of the independent variables. gb is calculated as e, is a function of root length density. Following Barley (1970) , ei is calculated as where r, is the external aerodynamic resistance, and rb is bulk leaf boundary layer resistance. They are calculated according to methods outlined by Martin et al. (1989) .
where d,,, is the maximum effective root diameter as defined by Barley (1970) and dr,, is the mean density of root length in soil layer I.
Bulk canopy conductance, g,, is calculated as (Denmead & Miller 1976) Crop transpiration limited by soil water, Tx, is calculated as where go is the stomatal conductance of the leaf in the dark, and b, is the slope of the linear relationship between the stomatal conductance and radiation flux density on the leaf surface. bs varies with the ambient CO2 concentration (see Table 1 ). kb and kd are extinction coefficients of direct beam and diffuse radiation, respectively Fb is direct beam fraction of incident radiation and I,, is the flux density of incident solar radiation above the canopy (W m-2).
Subrnodel 6. Soil water balance
The soil water balance was calculated daily for each of N layers. Change in so11 water of the top layer (or surface layer), Aw,,, IS Aw,,~ = ( R -I -p l -E-T,)/hl (11.22) where R is rainfall; I is canopy interception; p, IS percolation from the top layer; Tl is the water depletion due to crop transpiration from the top layer; and h, is the depth of the top layer. where h, is the depth of soil layer i from the soil surface.
When soil water supply is limiting to crop transpiration, the actual crop transpiration, T, is less than the potential crop transpiration given by Eq. 11.15. Calculation of actual crop transpiration limited by soil water supply is described as follows.
Canopy interception of rainfall, I (m d-'1, is calculated as (Zinke 1967 ) Soil depth H, was vertically divided into Nlayers. For each layer, supply of soil water for canopy transpiration depends on the relative availability of sol1 water (b,) and the ability of roots within the layer to take up the available water (e,). Calculation starts from the top layer (i = l ) , and then proceeds downwards until the total amount of soil water available for crop transpiration is equal to the potential rate of crop transpiration given by Eq. 11.15. If the total amount of available soil water for crop transpiration of N layers is less 
